MicroRNAs (miRNAs) are single-stranded, small RNAs (21-23 nucleotides) that function in gene silencing and translational inhibition via the RNA interference mechanism. Most miRNAs originate from host genomic regions, such as intergenic regions, introns, exons, and transposable elements (TEs). Here, we focused on the palindromic structure of medium reiteration frequencies (MERs), which are similar to precursor miRNAs. Five MER consensus sequences (MER5A1, MER53, MER81, MER91C, and MER117) were matched with paralogous transcripts predicted to be precursor miRNAs in the horse genome (equCab2) and located in either intergenic regions or introns. The MER5A1, MER53, and MER91C sequences obtained from RepeatMasker were matched with the eca-miR-544b, eca-miR-1302, and eca-miR-652 precursor sequences derived from Ensembl transcript database, respectively. Each precursor form was anticipated to yield two mature forms, and we confirmed miRNA expression in six different tissues (cerebrum, cerebellum, lung, spleen, adrenal gland, and duodenum) of one thoroughbred horse. MER5A1-derived miRNAs generally showed significantly higher expression in the lung than in other tissues. MER91C-derived miRNA-5p also showed significantly higher expression in the duodenum than in other tissues (cerebellum, lung, spleen, and adrenal gland). The MER117-overlapped expressed sequence tag generated polycistronic miRNAs, which showed higher expression in the duodenum than other tissues. These data indicate that horse MER transposons encode miRNAs that are expressed in several tissues and are thought to have biological functions.
INTRODUCTION
MicroRNAs (miRNAs) are non-coding small RNAs (21-23 nucleotides) that play a key role in inhibiting target genes by binding their 3 UTRs, which are complementary to the miRNAs' seed regions (Bartel, 2009; Chen and Rajewsky, 2007; Shukla et al., 2011) . These sequences are known to influence various biological processes in numerous animals and plants (Bartel, 2009) . miRNAs undergo a series of changes from the transcript stage to maturity. First, primary miRNAs are transcribed by polymerase II in the nucleus (Lee et al., 2004) . Next, they are cleaved into precursor miRNAs (70 nucleotides), with a double-stranded hairpin structure, by Drosha. Finally, precursor miRNAs are exported into the cytoplasm and converted to mature miRNAs by Dicer (Lund and Dahlberg, 2006) . In a genome, miRNA-encoding genes are located in various characterized regions such as intergenic regions, exons, introns, and transposable elements (TEs) . TEs contribute to miRNA sequences in various ways. For example, two adjacent TEs, as well as genomic sequences and one TE, yield one precursor miRNA. Palindrome sequences containing TEs such as miniature inverted repeat transposable elements (MITE) and medium reiteration frequency (MER) generate one precursor form and two mature miRNAs (Ahn et al., 2013; Yuan et al., 2010) . Two mature miRNAs are derived from one precursor miRNA and present asymmetric expression or selective expression patterns (Hutvagner, 2005; Ruike et al., 2008) .
MERs are non-autonomous mammalian DNA transposons (Jurka et al., 1996) . A total of 240,000 copies of MERs are present in humans, accounting for 2.4% of the human genome (Lander et al., 2001) . Most of these sequences were fossilized, such as long terminal repeats (LTRs) or endogenous retroviruses (ERVs) (Coffin, 2004; Smit, 1993) , although some cause diseases in host organisms (Balada et al., 2010; Lamprecht et al., 2010) . The genomes of primates, rodentia, and lagomorpha contain MER repeats inserted before the Alu family genes (Jurka et al., 1996) . MITEs are a truncated form of autonomous DNA transposons (Feschotte et al., 2003; Zhang et al., 2000) . Notably, MER or MITE sequences have palindromic structures, which form hairpins, similar to precursor miRNAs. Therefore, palindromic MERs or MITEs can give rise to miRNAs when they are located in transcriptionally active genomic regions. The MER53 transposon is predicted to give rise to miRNAs by forming a palindromic structure in mammalian genomes (Yuan et al., 2010) . The expression of MER-derived miRNAs was experimentally confirmed in human cell lines (Ahn et al., 2013) . MITE-derived miRNAs were predicted , and their expression confirmed in rice (Ou-Yang et al., 2013) .
The reference genome sequence for horse was determined in 2007, and the horse genetic map has been available since 2009 (Wade et al., 2009) . The horse genome contains numerous genetic traits linked to racing ability, such as single-nucleotide polymorphisms (SNPs), specific transcripts, and copy number variation (CNV) (Doan et al., 2012; Hill et al., 2010; Petersen et al., 2013) . Based on the horse reference genome sequence, a total of 1397 horse miRNAs have been identified in the miRBase database (Kozomara and Griffiths-Jones, 2014) . Subsequently, the functional study and characterization of horse miRNAs could be available Zhou et al., 2009) . However, horse miRNAs have not been as relatively well studied as other genetic traits, such as SNPs or CNV (Doan et al., 2012; Gim et al., 2015; Hill et al., 2010) .
Many identified expressed sequence tags (ESTs) are available in databases, and ESTs can encode miRNAs and miRNA clusters (Smalheiser, 2003) . The miRNA cluster transcripts are formed from ESTs, which show polycistronic expression patterns containing multiple, distinct loops separated by Drosha and Dicer. Forty-eight percent of all human mature miRNAs are derived from primary miRNAs of polycistronic transcripts (Altuvia et al., 2005) . A well-known miRNA cluster, previously known as C13orf25, miR-17-92, can express six precursor miRNAs and is more highly expressed in B-cell lymphoma cells derived from both cell lines or patients than in normal individuals (Ota et al., 2004) . In the present study, we predicted and experimentally confirmed the expression of equine MER-derived miRNAs, including a miRNA cluster in a previously identified EST. We searched consensus MER elements predicted to have palindromic structures and compared the MER sequences to horse transcripts. Next, we experimentally confirmed the expression of horse transcripts showing overlap with MER sequences. Finally, we compared the expression levels of MER-derived miRNAs in various tissues of one thoroughbred horse.
MATERIALS AND METHODS
Prediction of MER-derived miRNA sequences by bioinformatics tools MER consensus sequences that form palindromic sequences were downloaded from the Repbase database version 21.05 of the Genetic Information Research Institute (http://www. girinst.org/repbase/) (Jurka et al., 2005) . The genomic locations of MER sequences were confirmed in the horse genome (Broad/equCab2), using UCSC Genome Browser (http://genome.ucsc.edu), and their sequences were analyzed to identify regions that overlapped with transcripts, using Ensembl 84 (http://www.ensembl.org). In the UCSC table Browser, MER sequences and their genomic regions were compared using RepeatMasker 3.3 (http://www.repeatmasker.org). The sequences of horse precursor miRNAs and mature miRNAs were downloaded from miRBase v21.0 (http://www.mirbase.org), then their sequences were mapped and localized to the horse genome (equCab2).
MER consensus sequences forming palindromic sequences were predicted by RNAfold (http://rna.tbi.univie.ac.at/cgibin/RNAfold.cgi). To identify potential MER-derived miRNA genes, we predicted the miRNA precursor forms originating from MER elements, using the miRNAfold tool (http://evryrna. ibisc.univ-evry.fr/miRNAFold/) for the horse genome. Next, mature miRNAs derived from MER precursor forms (selected for having minimum free energies) were predicted using MatureBayes program (http://mirna.imbb.forth.gr/MatureBayes.html). MatureBayes is a tool to predict mature miRNA from miRNA precursor palindromic hairpin structures. Mature forms were confirmed by RT-PCR, we used these miRNAs for expression profiling in six tissues of one horse. Strategy for transcripts analysis in MER-derived horse miRNAs were described in Supplementary Fig. 1 .
RNA samples
The animal protocol and sample extraction method in this study were reviewed by the Pusan National UniversityInstitutional Animal Care and Use Committee (PNU-IACUC) for the ethical procedures and scientific care (approval number PNU-2013-0411). Small RNA from 100 mg of different tissues from one thoroughbred horse, sacrificed for biological research, was extracted from the cerebrum, cerebellum, lung, spleen, adrenal gland, and duodenum, using Hybrid-R miRNA (GeneAll Biotechnology Co., Ltd., Korea) according to the manufacturer's protocol. Hybrid-R kit is available to simultaneously isolate large RNA and small RNA, and to separate total RNA and small RNA by using small RNA specific binding column tube. In order to exclude short RNA sequences from degreaded longer transcripts, a portion (2-3 l) of total RNA was loaded onto an agarose gel, then only detected 28S and 18S samples were used.
Next, the turbo DNA-free kit (Ambion, USA) was used according to the manufacturer's protocol to remove DNA contamination from the small RNAs. A portion (2-3 l) of isolated small RNA was loaded onto an agarose gel, and only samples in which small-RNA (< 200 nt) was detected were used in subsequent experiments. We measured the small RNA concentrations, which ranged between 130-180 ng/l in the samples. Each small RNA sample was quantitated to 500 ng using a NanoDrop ND-1000 UV-vis Spectrophotometer (NanoDrop Technologies, USA). After quantifying small RNA, adenine was added to the small RNA transcripts at their 3 ends, using poly (A) tailing kits (Ambion). Samples were incubated in E-PAP buffer at 37℃ for 30 min for the poly (A) tailing reactions. After the reactions, we performed reverse transcription reactions using Moloney murine leukemia virus reverse transcriptase with an RNase inhibitor (Promega, USA) at an annealing temperature of 42℃. To select target miRNAs in the reverse transcription reactions, we used an oligo-dT adaptor (5-CTGTGAATGCTG CGACTACGAT-18dTs-3) according to the methods of previous study (Fu et al., 2006) . The miRNA sequence is used as forward primer, and adaptor sequences excluded poly T in the 3 terminal is used as reverse primer (Supplementary Table S1 ).
Quantitative RT-PCR amplification
RT-PCR was conducted in a thermocycler (Eppendorf, Germany) and SYBR green quantitative RT-PCR was conducted using a Roter Gene Q (Qiagen, Germany). Each reaction was performed in a final volume of 20 l containing 1 l of cDNA sample as a template, 10 l of Quantitect SYBR Green PCR MasterMix (Qiagen), 7 l of nuclease-free water, and 1 l each of sense primer and antisense primer (each 10 pmol). RT-PCR of genes was performed at 94℃ for 5 min, 35 cycles of 94℃ for 30 s, 55℃ for 30 s, and 72℃ for 30 s, and a final elongation at 72℃ for 7 min. Next, quantitative RT-PCR of genes was performed at 94℃ for 15 min, 55 cycles of 94℃ for 10 s, 55℃ for 15 s, and 72℃ for 15 s using the primers shown in Supplementary Table 1. Melting curves were determined by increasing the temperature from 55℃ to 99℃ over a period of 30 s. Each sample was amplified in triplicate to confirm reproducibility. U6 was used as a positive control in RT-PCR analysis and as a standard control for normalization in qRT-PCR. The relative quantitative levels of MERderived miRNAs were normalized to U6 small-RNA expression levels. The expression values were determined by the 2 -ΔC t method, where ΔC t = C t(miRNA) -C t(U6) .
RESULTS

Prediction of MER-derived miRNAs
Some of consensus sequences of MER have palindromic structures, which are similar to those of precursor miRNAs. A total of 238 MER elements were screened from the Repbase database, and 24 MER elements were identified to have palindromic structures. In the 24 MER elements, only five MER-derived mature miRNAs were confirmed as RT-PCR ( Supplementary Fig. 2 ). The others, 19 MER elements were not matched with horse transcripts, or horse genome (equCab2). Therefore, we selected five palindromic MER consensus sequences that matched with horse transcripts (Fig. 1) . Each five actual MER sequences is provided as Supplementary Table 2 . Numerous paralogs families matched the MER consensus sequences in horse genomes, based on UCSC BLAT searching (Table 1) . Six transcripts overlapped with MER5A1 consensus sequences and were matched with eca-miR-544b (Hubbard et al., 2002; Jurka, 2000; Smit et al., 2004) . The E-values of all transcripts were below 6.00E-06 based on miRBase BLAST searching and the transcripts contained constructed palindromic structures. Three of six miRNAs were located in the intronic region, whereas the others were located in the intergenic region. MER53 consensus sequences were matched to two transcripts related to ecamiR-1302-1 and eca-miR-1302c-5. Both miRNAs were located in the intron. Their E-values were 6.00E-08 and 1.00E-15, respectively. One transcript matched a MER91C consensus sequence in the horse transcript and express eca-miR-652 (E-value = 2.00E-34). MER117 was matched to horse EST BM734541.1 (Table 2 ). The BM734541.1 transcript was located in the intron of two transcripts, was predicted to contain many palindromic structures, and may generate 10 precursor miRNAs as putative polycistronic clustered miRNAs (http://www.ncbi.nlm.nih.gov/nucest/BM734541).
Validation and quantitative expression patterns of MER-derived miRNAs in a thoroughbred horse transposons, all mature miRNAs were extracted from the tissues of one thoroughbred horse. Adenine and adaptor sequences were added to the 3 end of each mature miRNA (see "Materials and Methods"). Next, RT-PCR was performed to identify the expression of 24 MER transposon-derived miRNA, and only five miRNAs were detected. Then, we per-formed qRT-PCR of five miRNAs in the six tissues of one horse (Cerebrum, Cerebellum, Lung, Spleen, Adrenal gland, Duodenum), and MER-derived miRNA showed tissuespecific expression patterns. As shown in Fig. 2 , two mature miRNAs derived from one primary miRNA showed similar expression patterns. The MER5A1-derived ENSECAT000000 29718 transcript yielded two miRNAs showing lungdominant expression patterns than other tissues (Fig. 2A) . The MER53-derived ENSECAT00000027640 transcript yielded two miRNAs showing different expression patterns between the -5p and -3p forms. The -5p miRNA showed higher expression value in the cerebrum and duodenum than in other tissues, but no significant expression patterns were detected (Fig. 2B, left) . The -3p miRNA showed dominant expression patterns in the duodenum, compared to cerebrum, cerebellum, lung, and adrenal gland (Fig. 2B, right) . The MER81-derived ENSECAT00000029221 transcript yielded two miRNAs, that were no significant expression patterns (Fig. 2C) . The MER91C-derived ENSECAT00000027964 transcript yielded two miRNAs, which showed different expression patterns. The -5p miRNA was enriched in the duodenum than other tissues (Fig. 2D, left) , whereas the -3p miRNA was enriched in the cerebrum than cerebellum, lung, and duodenum (Fig. 2D, right) .
Identification of MER117-derived polycistronic miRNA cluster
We confirmed that the MER117 sequence overlapped with horse EST of BM734541.1, the transcript of which was predicted to contain many palindromic structures. The BM734541.1 transcript was predicted to generate five precursor forms of polycistronic miRNAs. As shown in Fig. 3 , the expression patterns of five different mature forms of the BM734541.1 were confirmed. We detected these mature forms in six different tissues, indicating that total mature forms except EST-2-derived mature form have significantly low expression patterns in the cerebellum than adrenal gland (Figs. 3A, 3C-3E) . Interestingly, EST-1-derived mature form was dominantly expressed in other tissues than cerebellum, except cerebrum (Fig. 3A) . Only adrenal gland had higher expression pattern than cerebellum in the EST-4-derived mature form (Fig. 3D ). The location of mature miRNAs in the BM734541.1 transcript is indicated for each corresponding region in Fig. 3F . Whisker: standard deviation). Paired Student's t-test was performed to verify statistical significance between the expression levels of two samples (*p < 0.05). All miRNAs were compared cerebellum with other tissues.
DISCUSSION
MER-sequences are non-autonomous DNA transposons distributed throughout the host genome in a fossilized state. According to pre-RepeatMasking data, the horse genome possesses 3.61% DNA transposons containing MERsequences (Smit et al., 2004) . MER sequences can form palindromic stem-loop structures, which are similar to miR-NA precursor sequences. This suggests a mode for miRNA sequence formation (Ahn et al., 2013; Gim et al., 2014) . To date, miRNAs that are derived from repetitive elements have been identified in the genomes of various species (Nozawa et al., 2010; Yuan et al., 2011) . In this study, we identified 13 MER-derived miRNAs and confirmed their expression in six tissues of one thoroughbred horse. During miRNA maturation, two mature miRNAs are processed from one precursor miRNA. According to previous studies, the two mature miRNAs are expressed via asymmetric selection of each miRNA strand by the processing of precursor miRNA (Hutvagner, 2005; Ruike et al., 2008) . In this study, we also observed that two miRNAs presented different expression patterns. In the MER5A1-derived miRNAs, similar expression patterns were observed for the two miRNAs from one precursor miRNA ( Fig. 2A) , whereas the MER53-and MER91C-derived miRNAs showed slightly different expression patterns (Figs. 2C and 2D ). MER5A1-derived miRNAs showed dominant expression in the lung; thus, it may be a good target for future studies on exercise, cardiopulmonary fitness, or any lung-related process ( Fig.  2A) . As a part of brain, cerebrum and cerebellum are related to central nervous system (CNS). However, they expression patterns have different in MER81 and MER91C-derived miRNAs (Figs. 2C and 2D ). Cerebrum is most important region of the CNS, and controls all voluntary operation in the body. Thus, these different expression patterns could be related to the cerebrum-specific roles in the CNS. Moreover, these results could provide a clue for cognitive function of the horse (Lein et al., 2007) . Spleen is related to immune response, and adrenal gland produces a variety of hormones. In our data, spleen and adrenal gland have lower expressed patterns. Therefore, these two organs provide the important points in the immune and internal secretion pathways in the organisms (Nishimura and Naito, 2005) . Most chemical digestion takes place in duodenum, therefore MER53-derived ENSECAT00000027640-3p miRNA, MER91C-derived ENSEC AT00000027964-5p miRNA and BM734541.1-derived miRNAs could be crucial roles in digestion (Fang et al., 2006) . Our six tissue expression patterns could be involved in exercise, cognition, and the physiological pathway.
MER5A1-derived miRNA precursor sequences were wellmatched with eca-miR-544b (Table 2) ; therefore, they may be good targets for future studies on exercise and cardiopulmonary fitness. miR-544b has, to date, been identified in only three species (human, cow, and horse), and additional studies are required to determine the species-or tissuespecific roles of miR-544b. MER53 has been predicted to encode miR-1302 (Yuan et al., 2010) . MER53-derived miRNAs did not show consistent expression patterns among their families. The miR-1302 subfamily derived from MER53 showed tissue-specific expression and identified in human, chimpanzee, orangutan (Kozomara and Griffiths-Jones, 2014) . Therefore, it may be interesting to analyze their functions and evolutionary mechanisms in various animals in further studies. MER81-derived miRNAs have no significantly expressed patterns in all tissues to the other miRNAs. Three of four MER81-derived precursor sequences were not matched with previously identified precursor sequences. Although only one sequence matched with eca-miR-8990, its E-value was not significant. According to the latest version of miRBase (version 21.0), a total of 1397 horse miRNAs have been identified. However, when compared to the total of 4523 human miRNAs, the number of horse miRNAs is small (Kozomara and Griffiths-Jones, 2014) . This means that additional miRNAs may be identified in the horse genome; our data identified some of these miRNAs. Two MER91C-derived precursor miRNAs and four mature miRNAs were identified, and their expression in human cell lines has been validated (Ahn et al., 2013) . MER91C-derived precursor sequences were matched to eca-miR-652 in the horse (Table 2) and to hsa-miR-652 in humans (Ahn et al., 2013) . Many studies have identified TE-derived miRNAs (Borchert et al., 2011; Smalheiser and Torvik, 2005) . Specifically, palindromic structures of TEs show the potential to generate miRNA precursor forms; thus, MITEand MER-derived miRNAs are well-known (Ahn et al., 2013; Gim et al., 2014; Piriyapongsa and Jordan, 2008; Yuan et al., 2010) . However, few studies have examined the functions of TE-derived miRNAs. We determined the expression patterns in several tissues in a horse, and additional studies are needed to evaluate the functions of these miRNAs.
We also predicted the miRNA cluster, identified as BM734541.1, in the horse EST SLC28A3 intron. This EST overlapped with MER117, and we predicted five precursor miRNAs. In eukaryotic protein coding, the gene expression pattern is monocistronic; therefore, one transcript encodes one amino acid chain. However, the polycistronic miRNA cluster forms multiple miRNA components, each of which has a distinct role. miRNA clusters have been identified in the human genome, and miR-17-92 is a well-known polycistronic miRNA that acts as an onco-miRNA. The C13orf25 gene is chiefly known to show high expression in several hematopoietic malignancies (Ota et al., 2004) . The miR-17-92 cluster is composed of seven mature miRNAs located in the third intron of the C13orf25 gene in human chromosome 13 and is significantly expressed in lung cancer patients (Hayashita et al., 2005; Ota et al., 2004) . To date, little is known about the function of the identified short ESTs in the intergenic regions or intron regions, and these ESTs may generate new polycistronic miRNA. In this study, we demonstrated that the EST sequence forms the miRNA cluster and confirmed their polycistronic expression of the miRNA. These results provide a basis for identifying new polycistronic miRNAs from ESTs.
As an invader of host genomes, TE sequences have undergone rapid evolution compared to other genomic sequences (Park et al., 2015) . As a class II TE, DNA transposons, including MER repeats, underwent arrangement and were then conserved in the host genome (Pace and Feschotte, 2007) . MER-derived miRNAs, detected in humans and horses, may be present in other mammals, including rodentia and lagomorpha. MER5A1-derived miRNAs were matched with miR-544b, which was previously identified in humans, horses, and cows. MER53-matched miR-1302 and MER91C-derived miR-652 were identified in four and fourteen species, respectively (Kozomara and Griffiths-Jones, 2014) . Similarly, many cases of TE-derived miRNAs have been linked to phylogeny-specific miRNAs . For instance, MITE-derived miR-548 was principally identified in primates (Liang et al., 2012) .
We predict that additional miRNAs, as well as ESTs, derived from palindrome sequence TEs will be identified. In the host, these miRNAs were reported to have various roles. In a human study, the SNP in miR-1302-binding sites impaired spermatogenesis (Zhang et al., 2011) , and miR-652 expression was related to heart disease. miR-548 is involved in the host antiviral response by targeting interferon λ1, and thus may be related to the immune system (Li et al., 2013) . Based on these results, further studies are required to determine the functions of these miRNAs in horse and other mammalian species.
Owing to the development of next-generation sequencing technology, more precise genome sequencing data and transcript data is expected to be available. This study provides insights into novel functional transcripts. Future studies are required to understand how TE-derived miRNAs manipulate biological functions.
Note: Supplementary information is available on the Molecules and Cells website (www.molcells.org).
